A new cascade impactor has been designed specifically for pharmaceutical inhaler testing. This impactor, called the Next Generation Pharmaceutical Impactor (NGI), has seven stages and is intended to operate at any inlet flow rate between 30 and 100 L/min. It spans a cut size (D 50 ) range from 0.54-mm to 11.7-mm aerodynamic diameter at 30 L/min and 0.24 mm to 6.12 mm at 100 L/min. The aerodynamics of the impactor follow established scientific principles, giving confident particle size fractionation behavior over the design flow range. The NGI has several features to enhance its utility for inhaler testing. One such feature is that particles are deposited on collection cups that are held in a tray. This tray is removed from the impactor as a single unit, facilitating quick sample turn-around times if multiple trays are used. For accomplishing drug recovery, the user can add up to approximately 40 mL of an appropriate solvent directly to the cups. Another unique feature is a micro-orifice collector (MOC) that captures in a collection cup extremely small particles normally collected on the final filter in other impactors. The particles captured in the MOC cup can be analyzed in the same manner as the particles collected in the other impactor stage cups. The user-friendly features and the aerodynamic design principles together provide an impactor well suited to the needs of the inhaler testing community.
INTRODUCTION T
HE PHARMACEUTICAL INDUSTRY uses pressurized metered-dose inhalers (MDIs) and drypowder inhalers (DPIs) as a means to aerosolize medicines for inhalation. The regional deposition in the lung is a strong function of the aerodynamic diameter of the particles. In effect, the lung is a type of aerosol classifier, with the larger particles collected in the upper airways, mainly at bifurcations in the flow path, and the smaller particles depositing deeper in the lung. Impactors are the instruments of choice for the in vitro assessment of delivery efficiency of inhalation products for three predominant reasons. First, by using a specific drug assay, the size distribution of drug particles that is obtained is drug specific, not confounded with any non-drug material that may be in the sample. Second, the size distribution is measured on all of the drug that is delivered, rather than on a sub-sample that may or may not be representative. Third, impactors classify particles according to aerodynamic diameter (Appendix). Thus, the cascade impactor is a natural choice for an instrument to evaluate the aerosol emitted from an MDI or DPI. However, it is important to recognize that the cascade impactor is not a lung simulator because of many features, including the geometry at the point of impact, collection surface hardness and coating, and operation at constant flow rate. In particular, collection stages in the impactor do not correspond to any specific deposition sites in the lung.
The first MDIs were commercially produced in 1955. 1 Shortly thereafter, a method was published for sizing aerosols using the light scatter decay technique 2 and was put into use in Riker Laboratories at about that time. 3 This technique specified that the test aerosol be fired into a dark cubic box, the scatter of a beam of light inside the box was monitored, and the mean size of aerosol could be calculated. The use of a cascade impactor for pharmaceutical aerosols was first described in 1969 by Polli et al. 4 from Merck Scharp & Dohme, using the impactor later known as the Delron. This impactor had been first described 10 years earlier. 5 The Andersen cascade impactor was developed in 1958 as a sixstage design to sample airborne viable particles onto agar gel held in a Petri dish. 6 In 1971, an eight-stage Andersen Mark I impactor was introduced in Riker Laboratories. 3 The MultiStage Liquid Impinger was originally developed in 1966 by May to sample viable particles into a liquid. 7 The use of this instrument for pharmaceutical applications was subsequently described by Bell et al., 8 and the impactor was later modified by adding one stage to obtain additional resolution for the smaller particle sizes. 9 A feature of this instrument is that particles are collected on a glass frit that is in contact with liquid, so the problem of particle bounce and reentrainment is thought to be eliminated.
Two other devices to size particles by inertial impaction were developed as quality control tools within the laboratories of pharmaceutical companies. These single impaction stage instruments, termed "twin impingers," have been used with pharmaceutical aerosols because they permit significant labor savings compared to the considerable time required to analyze samples from a multistage impactor. A glass twin impinger described by Hallworth and Westmoreland 10 alluded to an earlier version described by Hallworth et al. 11 This instrument, along with a metal twin impinger of different design, first appeared in the British Pharmacopoeia. 12 Comparisons were reported by Aiache et al. 13 The two devices, although convenient to use, had inherent limitations in the adequacy of size description, 14 and the measurements were not comparable between the instruments. Nevertheless, they remain in use in some countries because of their operational economy and their historical use in registering some products. Figure 1 shows the instruments recommended for use by the current standards of the U.S. Pharmacopeia 15 and European Pharmacopoeia. 16 The first cascade impactor designed specifically for pharmaceutical aerosol applications was the Marple-Miller Impactor 17 (MMI). Although the MMI did not find favor within industry, it demonstrated that a cascade impactor could be designed specifically for sampling MDI and DPI aerosols and that its unique external sampling cups could offer productivity improvements over existing impactors. Discussions among pharmaceutical industry scientists about the inadequacies of the various available impactors led to the establishment in the mid-1990s of the Next Generation Impactor (NGI) consortium. In time, the consortium recruited members representing all of the major participants of the worldwide inhalation product testing community. The specific purpose of this consortium was to define the requirements for a new impactor and to fund its development and testing. The consortium considered proposals from several parties to undertake this development and awarded the project to MSP Corporation (Minneapolis, MN). The first project meeting was held in December 1998.
The design of the NGI was a cooperative effort between the NGI Consortium, spearheaded by its Executive Committee, working with the impactor design team. The Executive Committee fielded a continuing stream of design questions and issues throughout the project, giving regular input and guidance. At major points of design decisions, the design team would present sound options to the entire consortium, and the consortium members would select the option that they felt best served the end-user needs. MSP interviewed users inside consortium member companies to get first-hand input. Twice in the design process, prototype NGIs were built and tested by the consortium members in their laboratories. The qualitative and quantitative information from the prototype testing resulted in important improvements to the design. This development process was intended to ensure that the NGI would be an instrument that would serve the pharmaceutical industry well for many years. This paper describes the NGI design and the reasons for its particular configuration. The calibration of the NGI, defining the particle collection efficiency curves, is described in a companion paper in this issue. 18 
USER REQUIREMENTS
The NGI consortium met several times to define items that it considered to be important features of the NGI. The final result was a list of user requirements that were divided in two groups: 23 "must" features (Table 1 ) and 12 "want" features ( Table 2 ). The 35 items listed in Tables 1 and 2 became the guide for all design decisions for the development of the NGI.
From a designer's viewpoint, the user requirements can be divided into two categories: (1) those that affect the design of the impactor stages and (2) those that affect the overall impactor layout. The first category relates to the aerodynamic design of the stage nozzles and the flow passages between stages. The particular geometric configuration in these regions determines the collection efficiency characteristics of the impactor. The second category relates more to mechanical features, such as materials, clamping mechanisms and relative location of the stages. These characteristics have negligible effect on the aerodynamic performance of the impactor but have a large effect on chemical compatibility, reliability, and operating convenience. Particular focus was given to ensuring that the ergonomics of the new impactor were optimized from a user perspective and also that the impactor could be automated relatively easily.
STAGE DEFINITION
The first step in designing a cascade impactor is to define the number of stages and the particle cut size of the stages at the desired flow rate or flow rate range. The requirements M-2, M-4, M-5, M-7, and W-2 (Tables 1 and 2) Operates over a range of flow rates 30-100 L/min M-3
Calibration data for the flow rates of 30-100 L/min are available M- 4 Capable of fully characterizing the "less than 10 mm" cloud size range M-5
Needs right number of stages at right cut-offs (independent of flow rate); minimum of 5 stages 0.5-5 mm, one stage between 5 and 10 mm plus high capacity stage at 10 mm or higher (pre-separator) M-6 The stages will be followed by a micro-orifice collector that is 90% efficient for particles larger than or equal to 0.2-mm aerodynamic diameter (or smaller particles; see W-6 in Table 2 ) M-7
Efficiency curves for stages must be appropriate; GSD for all stages similar; overlap between stages is minimized M-8
Deposition profile unaffected by stage loadings (up to 10 mg) M-9
Operates using defined entry conditions M- 10 The empty volume of the impactor must be no more than 1.5 L, measured from the inlet of the USP/EP inlet to the exit of the impactor body, including the pre-separator M-11
Low wall losses; not more than 5% on any stage and not more than 5% total on all stages M-12
Good drug recovery (mass balance) M- 13 No bounce/re-entrainment M- 14 Capable of being grounded; unaffected by static M- 15 Physically robust M- 16 Constructed using inert/robust materials (can use common solvents) M- 17 Good accuracy and precision (65%) M- 18 Operator independent (no statistical difference between results between independent laboratories) M- 19 Acceptable to regulators/Pharmacopoeia M- 20 Designed and manufactured to ISO 9000 or equivalent M- 21 Applicable to all single shot inhaled delivery systems (MDIs, DPIs, aqueous inhalers) M- 22 Easy to qualify and validate in the laboratory M-23
Fast; cycle time of less than 30 min for manual determinations relate to the choices that must be made during this first design step. Requirement M-2, which specifies the flow rate range, is the most quantitatively explicit of these requirements. Requirement M-5 puts a lower bound on the number of stages (namely six). Requirement M-7 puts a qualitative upper bound on the number of stages ("overlap is minimized"). Within these constraints, the design team considered several cascade impactor configurations having six or seven stages. These considerations included cases wherein the user would physically substitute nozzle pieces at will, so that the cut sizes could be nearly unchanged regardless of changes in the flow rate (interchangeable nozzles). Consortium members selected seven stages with no interchangeable nozzles so as to best achieve five stages in the range of 0.5-5 mm over the entire flow range (M-5, Table 1 ) and to eliminate possibilities for user error that might arise if interchangeable nozzles were available. Further, the constraint of minimization of stage overlap was met by insisting on a logarithmic spacing of the particle cut sizes (meaning that the ratio of the cut sizes for any two neighboring stages is a constant throughout the impactor). The logarithmic spacing of cut sizes also aids in the intuitive understanding of mass distribution bar charts, a qualitative issue of value to users.
The aerosol dose can be introduced to the NGI through an induction port having the same internal dimensions as the port described in the USP and EP, to meet requirement M-9 and M-19.
OVERALL IMPACTOR LAYOUT
The next step in designing the impactor was to choose a physical arrangement of the stages and the associated means of flowing air from one stage to the next. The requirements most related to the overall impactor layout were M-1, M-9, M-10, M-11, M-14, M-15, M-16, and M-23. Of these requirements, "ability to automate, yet suitable for manual operation" (M-1) was considered the most important.
Most of the requirements were qualitative, and therefore the design team was free to pose a wide range of options for the impactor layout. At least nine separate arrangements of the impactor body were considered. Both for automation and manual use, designs that incorporated external cups of some type appeared to have an advantage over layouts where impactor stages must be disassembled to get to the internal impaction plates.
[The Andersen eight-stage impactor (USP apparatus 1) and Marple-Miller (USP apparatus 2) impactor, are both shown in Figure 1 and are examples of internal and external impaction plate layouts, respectively.] Nevertheless, internal impaction plate layouts were considered. One of these was a "stacked" layout, much the same as the Andersen impactor. However, in this configuration, shown in Figure  2 , each nozzle plate incorporated the impaction plate for the previous stage. On one stage, the nozzles would be in the central portion of the stage, and the impaction plate would be in the annular area around the nozzles. The nozzle plate before, and after, this plate would have the noz-NEXT GENERATION PHARMACEUTICAL IMPACTOR DESIGN 287 Flow rates able to be continuously varied (see M-2 in Table 1)  W-3 Although the "must" specification has a lower flow rate limit of 30 L/min, it is desirable for the lower flow rate limit to be 5 L/min W-4
Capable of simplification for QC use, e.g., able to remove one or more stages W-5
Works on single actuation by minimizing wash volumes W-6
The stages will be followed by a micro-orifice collector that is 90% efficient for particles larger than or equal to 0.1-mm aerodynamic diameter (up to 0.2 mm is acceptable, see M-6 in Table 1 ) W-7
Capable of characterizing particle cloud greater than 10 mm; pre-separator has to be well characterized and have a sharp cut off W-8
For automated systems, in-built diagnostics (obvious when instrument is functioning correctly) W-9
Capable of being operated over a range of temperature/humidity (20-30°C; 25-75% RH) W-10
Suitable for nebulizers W-11
The impactor must be easy for technicians to use, including handling, training, and overall ergonomics W-12
The empty volume of the impactor should be no more than 1 L, measured from the inlet of the USP/EP inlet to the exit of the impactor body, including the pre-separator (see M-10 in Table 1) zles in the annular area and the impaction surface in the center area. This layout made for a very compact cascade impactor. Several layouts with external impaction plates were also considered. Some of these layouts were rejected for reasons of anticipated machining difficulties, and the surviving layouts evolved to one with all of the impaction plates in one plane. This configuration resulted in what amounts to a twopiece cascade impactor, the lower part comprising the base that retains the collection cups, the upper part consisting of the lid and seal body that contains the stage nozzle assembles and interstage passageways.
A study was made to determine whether automation was easier with the "stacked" impactor or the "all impaction plates on one plane (planar)" impactor. The steps that would have to be taken to remove the impaction plates and wash the deposits from the impaction plates for each of the layouts were enumerated. From this analysis, it was determined that the least number of steps would be taken for one sampling cycle with the external impaction plate layout of the two-piece impactor. Mock-ups of the competing stack and planar designs were presented to the full consortium along with the analysis of the speed and ease of use. The consortium voted heavily in favor of the planar, two-piece impactor. This layout was then further refined and became the basic layout for the NGI.
DETAILED AERODYNAMIC DESIGN
With the number of stages and the design cut points decided upon in the early project discussions, the next step was to define the exact sizes and numbers of nozzles on each impactor stage. The selection of the nozzle diameters and the number of nozzles followed the guidelines developed for impactor design initially described by Marple, 19 Marple and Willeke, 20 and later refined by both Rader and Marple, 21 and by Fang et al. 22 These guidelines are as follows: 2. The nozzle-to-plate distance should be at least one nozzle diameter and no larger than 10 for round-nozzle impactors. 3. The cross-flow parameter (see equation 2) should be less than 1.2.
If an impactor stage is constructed according to these guidelines, experience has shown that it will have a steep collection efficiency curve and that its cut point, defined as the particle size that is collected with 50% efficiency (d 50 ), will be very close to the calculated value. Figure 3 is a schematic diagram of a typical nozzle plate and impaction plate with the relevant dimensions labeled. Conventional theory for single-nozzle impactors has shown that there are two dimensionless parameters that are important in defining the flow field through such a nozzle, 19 and it is the flow field that is important in defining the sharpness of cut of the stage. 20 These parameters are the ratio of the nozzle-to-plate distance to the nozzle diameter, S/W, and the Reynolds number, Re, defined as:
For a specific flow rate, n and W can be selected to keep Re in the desired range. The above statements hold true for singlenozzle impactors, and in most cases, for multiple nozzle impactors. However, in multiple-nozzle impactor stages, there can be a "cross-flow" problem caused by "spent" air from the nozzles near the center of the nozzle plate flowing outward past the air jets located near the edge of the nozzle cluster. In some cases this cross-flow can prevent the air jets near the edge of the cluster from reaching the impaction plate. This phenomenon was studied by Fang et al., 22 who found that a cross-flow parameter, X c , could be defined as:
If the value of this parameter is less than 1.2, the jets from the outer nozzles are not affected. Thus, the three parameters-Re, S/W, and X c -are important in defining the correct aerodynamics in an impactor stage. Another dimensionless parameter important in determining the cut size of the impactor stage is the Stokes number, St: To calculate C p or C ae , one uses the following expression for C: 
The value of C 50 is computed from equation 4 using the diameter d 50 . Consequently, for each selected impactor stage design and flow rate (m, n, W, r ae , Q), equations 4 and 6 must be solved simultaneously, either numerically or iteratively. However, for particles greater than 1 mm the Cunningham slip correction is equal to 1.0 for practical purposes, permitting a direct solution of d 50 from equation 6.
Ideally, the value of ÏSt 50 should be near to 0.495 if Re is 500-3000, and S/W is at least 1.0 but not greater than about 10. However, if factors other than inertia are significant in the collection mechanism, such as gravitational effects for large
or very dense particles, or significant deviation in C from unity associated with particles having d p , 0.1 mm, then ÏSt 50 will have a value other than 0.495. Thus, when designing a stage with a specific value of d 50 , n and W are selected so that equation 6 is satisfied, 20 while keeping Re in the range of 500-3000. By using this method, the values of n and W in Figure 4 were determined so that the theoretical cut size values at 60 L/min of stages 1 to 7 of the NGI ranged between 0.33 mm and 7.8 mm aerodynamic diameter, with equal spacing between the values on a logarithmic scale. Figure 5 depicts the resulting expected performance based on the above theoretical considerations for the NGI within the entire flow range for which the impactor was designed. Note that the requirement that there should be five stages with cuts between 0.5 and 5 mm is not strictly met. There are, however, five cut sizes between 0.5 and 6.5 mm at all flow rates. This result was judged to be acceptable, since five stages strictly in the 0.5 to 5 mm size range at all flow rates between 30 and 100 L/min would have required eight stages, leading to overlapping of the stage efficiency curves.
The critical design parameters for the NGI stages including the MOC, including their associated dimensionless constants-Re, S/W, and X c -are listed in Table 3 and above the range at large cut sizes at high flow rates. This outcome is a consequence of the design choice that the NGI should not have interchangeable nozzles while operating over a large flow rate range. The high Re for stage one is unavoidable with a single nozzle design, which in turn was forced by the finding that only a single nozzle design could accept the airflow directly from the USP/EP induction port without unacceptable upstream losses. The values of S/W are all in the desired range of greater than 1.0 and less than 10. Also, the X c values are all less than 1.2. Values of D 50 calculated from the archival calibration in the companion publication 18 are summarized in Table 4 for inlet flow rates of 30, 60, and 100 L/min.
The aerodynamic design of the flow passages was expected to result in very small interstage losses. Investigations of losses for a range of typical pharmaceutical aerosols, including 14 MDI formulations and 16 DPI formulations, were conducted on prototype NGIs. The sum of the deposition on all surfaces other than collection cups was measured to be in the range 1-5% of the total delivered sample mass, depending on the nature of the formulation. 23, 24 For dry-powder aerosols, of course, the stages in the NGI, as for all cascade impactors, must be coated with an adherent material unless specific tests show that the coating is not needed.
Consequently, particles should need to be removed only from collection surfaces following a particle size determination, and the non-collection surfaces in the impactor should need to be washed only after multiple determinations. All non-collection surfaces are either on the lid or the seal body; these two parts disassemble easily and optionally can be placed in a dishwasher for cleaning.
DETAILED LAYOUT DESIGN
After the basic layout of a planar impactor was decided upon, there were several iterations made to establish the appearance of its components, how the impactor should open and close, whether the flow direction should be from left to right or right to left, and to determine the user-friendly features that could be incorporated. Much of the input specifying these features came from the user comments during the testing of the first prototypes. The final latching mechanism of the impactor was one of the more challenging design problems, involving careful setting of tolerances for the various components to achieve both a good seal (leak rate smaller than 100 Pa/sec) and the proper jet-to-plate distances. Figure 6 is a cross-section through a representative stage of the final NGI design. The nozzle assemblies are all held in one plate called the The nozzles of the stages are staggered back-andforth in the seal body so that the tear shaped cups can be nested in a compact configuration.
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Although Figure 6 shows three pieces (lid, seal body, and bottom frame) instead of two, as outlined in the original concept, the lid and the seal body are secured as one assembly when the NGI is used for routine sampling. To change the impaction cups between sampling runs, only the cups and tray must be separated from the seal body/lid assembly.
Two options were considered for the impaction cups. One option was to have all of the cups machined into a one-piece manifold. The other option was to have individual cups held in a rack that can be inserted into a frame below the seal body. In practice, both options can be used interchangeably, since the internal airflow path configuration would be the same. For manual operation the use of individual cups makes the washing of the deposits from the cups more manageable and is the option shown in this paper. However, for automation, the manifold option may be more satisfactory.
The roughness of the surface of the collection cups can affect wetting of drug recovery solvents but has no effect on the particle capture efficiency so long as the surface roughness measure is much smaller than the particle stop distance. 25 The stop distance is approximately 25% of the nozzle diameter for round jets. 19 Applying this criterion to the smallest nozzles (0.206 mm on stage 7), we conclude that approximately 2.5 microns is the upper limit of acceptable surface roughness (five percent of the stop distance on stage 7). Cups offered commercially by MSP Corporation have a surface roughness between 0.5 micron and 2 micron. Because native steel typically has a surface roughness of 0.3 micron to 0.5 micron, the choice of 0.5 microns to 2 microns for the surface roughness represents a "slight" roughening of the surface to improve wetting without affecting the aerodynamics.
The cup for stage 1 is larger than for the other stages to minimize impaction of larger particles near the cup's vertical wall, identified in early prototype testing. This issue is not important for the other stages since these stages collect smaller particles that are less prone to this so-called "secondary" impaction. So, for stages 2-7, the dimension of the nozzle holder determines the cup size.
For stage 1 only, the option is provided for a lid to retain particles within the cup of stage 1, if significant secondary impaction is encountered with a specific formulation. This lid rests on the edge of the stage-one cup (Fig. 7) . Deposits on the inside surface of this lid can be rinsed easily into the stage-one cup. Without this "false" lid, these deposits would be on the underside of the seal body of the impactor and would therefore be cumbersome to recover. In prototype testing, as much as five percent of the mass of material on stage one was found on the false lid for a formulation that had a mass median diameter approximately equal to the d 50 value for stage one. In general, however, this false lid is not needed.
The cup size for the MOC is also larger than for the cups for stages 2 to 7, and is the same size as the cup for stage 1. The larger diameter was necessary to accommodate the 4032 nozzles in the MOC, and conveniently permits a standard 75-mm filter to be used in an internal filter configuration. Figure 8 shows the individual parts of the NGI. The lid contains the air passages between stages, the seal body contains the stage nozzle plates, and the bottom frame holds the collection cups in a cup tray. The bottom frame also contains hinge pins and a past-center clamping handle. The lid contains the receivers for the hinge pins and the clamping handle.
Figures 9 and 10 shows the NGI in the "closed" and "open" positions, respectively. In Figure 9 , the USP/EP induction port is shown on the inlet of the first stage. The NGI pivots open on two hinges located at the back of the NGI between the bottom frame and the lid. The seal body is held to the lid by two limited torque screws (the black knurled knobs on the upper surface of the lid). When closed, the lid is locked to the bottom frame by a past-center cam lock handle mechanism located at the front of the NGI. The cup tray and the seal body are clamped between the lid and bottom frame when the handle is pushed downward into a locked position. Tolerances on all parts from the hinges to the clamping mechanism are such that no adjustment screws or spring components are required to ensure a leak-tight seal when the NGI is clamped.
Pre-separator design
Design criterion M-5 states that the NGI must have a high-capacity pre-separator stage to prevent oversized particles from depositing at unwanted places. Because the need for a pre-sepa- rator is formulation dependent, it was designed as an "add-on" unit, typically used for DPIs, that can be positioned on the NGI between the USP/EP induction port and the first stage, as shown in Figure 11 . This pre-separator incorporates two collection surfaces working in tandem, as shown in Figure 12 .
The first (scalper) collection surface is a circular cup, containing solvent, beneath the inlet of the pre-separator and is intended to remove very large particles (e.g., lactose carrier particles). Typically, this cup is filled half-way with solvent before testing to reduce particle re-entrainment from the cup. The liquid reservoir gives the unit a high solids capacity along with a fairly low internal volume, but by itself does not provide a satisfactorily sharp cut. The volume of this first cup is approximately 30 mL, so most users load the cup with 15 mL of solvent. The pre-separator performance should be insensitive to the exact volume of solvent in the cup.
The scalper is immediately followed by the second collection surface comprising a more conventional impaction stage. This stage has a much sharper cut than the scalper to eliminate most particles that are larger than the cut size of the first stage of the impactor itself, while not removing particles that are of a size to be captured on the second impactor stage.
Sealing between the USP/EP induction port and the pre-separator, and between the pre-separator and the first stage is accomplished by 10°t apers at the interfaces, to reduce the number of "O" rings in the inlet of the NGI. If the pre-separator is not used, the tapered exit of the USP/EP induction port seals to the tapered inlet of the first stage. Whereas the outside dimensions of the induction port are customized for these tapers, the internal dimensions of the induction port are those described in the USP and EP.
Micro-orifice collector (MOC)
One unique feature of the NGI is that an impactor stage of 4032 nozzles, each nominally 70 mm in diameter, is used to replace the final filter used in other cascade impactors. There are two reasons for this feature. First, the collection cup beneath the micro-orifice nozzles can be handled, and particles analyzed, in the same manner as from any of the other collection cups. This aspect is especially important for automation. Second, particles are much more easily dissolved from a solid collecting surface than from the fiber network in a filter. The large number of nozzles in the MOC is necessary to keep the pressure drop within a range that can be managed by pumps normally found within aerosol laboratories. To keep the crossflow parameter below the critical limit, the diameter of the nozzle cluster was set to 75 mm (Table 3 ). The size of the collection cup for this stage is the same as for stage 1. Four dimples on the downstream face of the nozzle plate support the plate against the cup and maintain a minimum nozzle-to-plate distance. Some samples may contain particles that are so fine that they are not collected by the MOC. However, since the particle size distributions generated by most inhalers are larger than the cut size of the MOC, its efficiency is satisfactory for the majority of drug product formulations. Nevertheless, its effectiveness must be evaluated for any new formulation, or inhaler device, during method development by placing a filter downstream of the MOC and determining the magnitude of the portion of the dose (if any), that penetrates the MOC. Figure 13 shows an external filter designed especially for this purpose. This filter holder has a cassette into which the filter is placed. In this manner the filters are easy to handle and the cassette with filter can be transported with the cup tray for analysis. An internal filter holder has also been designed for the NGI, in the event that it is routinely found that a significant proportion of particles penetrates the MOC. The internal filter holder is contained in a special cup (Fig. 14) that replaces the cup normally used with the MOC. It is not necessary to remove the MOC nozzle plate, since any particles passing through the MOC nozzles impact directly on the filter upper surface.
Although the MOC may appear to be an impaction stage, this is specifically not the intent for its incorporation into the design, and judgments about the size of material collected on the stage are not recommended. The MOC permits significant simplification of analytical procedures for the many samples for which it is shown, by the procedures above, to be applicable, but it will not MARPLE ET AL. be useful for all formulations, especially those containing a significant portion of very fine material.
Special features of the NGI
Several special features have been implemented that make the NGI easy to use:
1. The "O" rings are held in the seal body by dovetail "O" ring grooves. That is, the grooves are slightly narrower at the surface. Once the "O" ring is inserted in the groove, the taper will retain it in the groove until removed by the operator. 2. The seal body can quickly be separated from the lid by two thumbscrews. This feature allows convenient inspection of the air passages in the lid or washing of the stage nozzles, which is performed periodically. 3. The lid can be removed from the bottom frame hinge pins by opening the lid all the way and sliding the lid off of the pins. The lid can also be washed periodically. The bottom frame never has to be washed routinely as no components on it are exposed to any formulation. 4. The cups can all be changed in one action by simply removing the cup tray. This feature makes changing collection cups fast and keeps the cups in the correct location until analysis. 5. The sides of the cups are tapered so that they can be easily stacked during storage. 6. The lid support at the rear of the NGI also serves as a stand for storage by rotating the front of the NGI upward. In this position the NGI has a smaller footprint than when the impactor is positioned for normal use with the collection cups oriented horizontally.
PERFORMANCE
The design objectives related to stage performance were satisfied. The stages have been shown to have sharp cut off characteristics, with cut sizes at the desired places, and very low inter-stage losses so that the impactor body and nozzles do not have to be cleaned between every run. The collection efficiency curve for each stage has been determined at three flow rates and the results are reported in the companion paper. 18 A collaborative inter-company study has been conducted by members of the European Pharmaceutical Aerosol Group (EPAG) to establish interlaboratory variability, 26 and results of this study are expected to be submitted for publication in 2003.
CONCLUSION
The NGI is the result of a collaborative process, with the sponsoring pharmaceutical companies involved in all major decisions throughout development. Input was gathered from as broad a constituency as could be solicited. Design decisions were made in consideration of mechanical, physical, regulatory, and end-use viewpoints. The result is a seven-stage impactor with an optional pre-separator at the inlet for over-size particles, and a micro-orifice collector at the exit instead of a final filter to collect the finest particles. A unique external particle collection cup design was used so that all of the collection cups are in one plane and can be removed from the impactor as a single unit. This feature eases the ability to automate the NGI, which was a primary design requirement.
The NGI is also unique in that it is not designed with stages having specific cut sizes at a specific flow rate. Instead, the NGI operates at any flow rate from 30 to 100 L/min with the cut sizes spanning a particle size range nominally from 0.25-mm to 11-mm aerodynamic diameter. The NGI is designed so that the spacing of the stages varies between four or five cut points per decade of particle size, depending on the flow rate chosen for the measurement.
Efforts are underway to incorporate the NGI into the European Pharmacopoeia and the U.S. Pharmacopeia.
